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Abstract. Upon arrival of a motor axon at the muscle fi-
ber, signals released from its growth cone initiate the for-
mation of a synapse. This process consists of two stages:
arrest of axon growth at the target area and differentiation
of pre- and postsynaptic cells at the site of nerve-muscle
contact. Studies of regenerating neuromuscular junctions
in vertebrates have revealed that important signals for the
formation of this synapse are located in the synaptic basal
lamina, and attempts to identify these signals have led to
the isolation of agrin and other components. In this re-
view, we discuss the evidence for the involvement of
these molecules and their potential functional role in
the formation and maintenance of the neuromuscular
junction, with emphasis on agrin.
Key words: Neuromuscular junction – Acetylcholine re-
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Introduction
The capability of the brain to process information relies
on a precise network of connections between neurons.
The brain in an adult human, for example, consists of
more than 1011 nerve cells, each connected with up to
105 other cells. The intricate pattern of connections is
formed during embryonic development when each differ-
entiating neuron extends processes to its target cells to es-
tablish a special form of cell-cell contact, called the syn-
apse. The processes or axons grow along specific path-
ways navigated by their leading tip, the growth cone. This
navigation machinery integrates the guidance information
expressed by cells in the environment and converts this
information into a directed out-growth of the elongating
process (for a review, see Tessier-Lavigne and Goodman
1996). Axon growth is completed when the growth cone
reaches the target cell and subsequently starts to form the
synapse. The process of synapse formation follows axon
growth and requires intercellular interactions between
the growth cone and the target cell. Therefore, synapse
formation can also be regarded as the ultimate step of ax-
on guidance. Most of our current knowledge concerning
synaptic development comes from studies of the verte-
brate neuromuscular junction (NMJ), which serves as a
suitable model and will be the focus of this review. The
sequence of steps in the development of the NMJ includes
arrest of motor axon growth at the target area and differ-
entiation of pre- and postsynaptic elements (for a review,
see Hall and Sanes 1993).
At the time when myoblasts fuse to form myotubes,
each differentiating motor neuron in the spinal cord or
brain stem extends an axon to a single muscle, where it
branches and innervates several muscle fibers. Upon ar-
rival at the target region, the growth cone of the axon is
remodeled to become a highly specialized presynaptic
nerve terminal containing vesicles filled with the neuro-
transmitter acetylcholine (ACh). The nerve terminal in-
structs the muscle fiber to form the postsynaptic appara-
tus. One of the earliest detectable signs of synaptic differ-
entiation of the muscle fiber is the redistribution of preex-
isting, uniformly distributed acetylcholine receptors
(AChRs) to the site of nerve-muscle contact (Anderson
and Cohen 1977; Frank and Fischbach 1979; Ziskind-
Conhaim et al. 1984). The accumulation of AChRs at
synaptic sites is further increased by the up-regulation
of AChR synthesis in the myonuclei lying underneath
the NMJ and suppression of AChR gene expression in ex-
tra-synaptic regions (for a review Duclert and Changeux
1995). Several lines of evidence suggest that gene expres-
sion of AChRs at synaptic sites is regulated by trophic
signals released from the nerve terminal (Usdin and
Fischbach 1986), whereas down-regulation of AChR syn-
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thesis in non-synaptic regions is regulated by electrical
activity (Goldman et al. 1988). As a result of all these
processes, AChR density becomes as high as approxi-
mately 104 molecules/mm2 at the crests of specialized in-
foldings of the muscle membrane, called junctional folds
(Salpeter and Harries 1983). Only about 10 AChRs/mm2
are found in extra-synaptic regions of the muscle fiber
membrane (Salpeter et al. 1988). The cleft between the
in-growing nerve terminal and the muscle fiber initially
bears no recognizable basal lamina, but it soon, widens
to about 50 nm, and basal lamina components appear. Al-
though the mature synaptic basal lamina is a continuum
of the basal lamina surrounding the muscle fiber, it is
structurally distinct (for a review, see Sanes 1995).
Isoforms of collagen type IV and laminin, for example,
are differentially distributed (Sanes et al. 1990), and
other molecules, such as acetylcholinesterase (AChE;
McMahan et al. 1978; Anglister and McMahan 1985)
and neuregulin (NRG; Chu et al. 1995; Goodearl et al.
1995; Jo et al. 1995), are concentrated in the synaptic bas-
al lamina.
After the initiation of synapse formation, embryonic
muscle fibers of higher vertebrates are innervated by sev-
eral motor neurons. The number of neuronal inputs is
gradually reduced during early postnatal life until each
muscle fiber is innervated by only one motor axon. The
specific elimination of surplus motor inputs appears to
be regulated by electrical activity and may also involve
the removal of specific components from synaptic basal
lamina (for a review, see Nguyen and Lichtman 1996).
In vivo studies on regenerating NMJ have demonstrat-
ed that the synaptic basal lamina contains molecules di-
recting the differentiation of the nerve terminal and the
muscle fiber (Sanes et al. 1978; Burden et al. 1979), this
has led to the isolation of agrin (Nitkin et al. 1987). Ad-
dition of purified agrin to cultured muscle cells induces
the aggregation of AChRs and many other proteins con-
centrated at the NMJ (Wallace 1989; Nitkin and
Rothschild 1990). Over the past few years, many studies
have provided further evidence for the central role of
agrin in the formation of the nerve-muscle synapse. In
the first two sections of this review, we shall summarize
the evidence for the involvement of components of the
synaptic basal lamina in pre- and postsynaptic differenti-
ation of the developing neuromuscular synapse, with par-
ticular emphasis on agrin. In the last section, we shall fo-




The observation that agrin is present on the surface of
myotubes prior to innervation (Reist et al. 1987; Godfrey
et al. 1988; Lieth and Fallon 1993) and is concentrated in
the synaptic basal lamina later in development prompted
Campagna et al. (1995) to investigate the role of agrin in
presynaptic differentiation. By using cell adhesion assays,
they could show that ciliary ganglion neurons adhere bet-
ter to agrin-expressing CHO cells than to non-transfected
cells. Furthermore, neurites of ciliary ganglion neurons
contacting such agrin-expressing cells stop growing and
accumulate synaptotagmin at the site of contact
(Campagna et al. 1995). Arrest of axon growth and the
accumulation of synaptotagmin, a presynaptic vesicle
protein, are well-characterized presynaptic processes dur-
ing the course of synapse formation and are therefore
used as markers for presynaptic differentiation. Based
on these in vitro observations, agrin has been proposed
to act as a retrograde signal that is released from muscle
fibers and that promotes presynaptic specializations. Al-
though the C-terminal half of agrin, which contains two
conserved splice sites important for the regulation of
the AChR-aggregating activity of agrin (see below and
Fig. 1), is sufficient for presynaptic differentiation in vitro
(Chang et al. 1997), inserts at these splice sites do not in-
fluence the response of ciliary ganglion neurons
(Campagna et al. 1995). This finding is controversial as
the growing motor axon itself secretes agrin at its tip
and this consequently should inhibit axon growth. Never-
theless, agrin-deficient mice do not develop presynaptic
nerve terminals (Gautam et al. 1996), a finding that is
consistent with the proposed role for agrin in inducing
presynaptic differentiation.
Other candidate molecules
Laminin-4, a laminin isoform, has also been suggested to
be involved in signaling presynaptic differentiation
(Hunter et al. 1989a, 1991; Porter et al. 1995). Because
of its localization at the synaptic portion of the basal lam-
ina of the muscle fiber, this laminin isoform was initially
called s-laminin (Hunter et al. 1989b). Laminins are
coiled-coil proteins assembled from three separate chains
(Beck et al. 1990), called a, b, and g (Burgeson et al.
1994). Over the past few years, ten different genes encod-
ing laminin chains have been isolated and shown to give
rise to many laminin isoforms (for a review, see Timpl
1996). Laminin-4, for example, is a trimer consisting of
a2, b2, and g1 chains. The b2 chain makes laminin-4 dis-
tinct from laminin-2, which is present in the extra-synap-
tic region of the basal lamina of the muscle fiber (Sanes et
al. 1990; Schuler and Sorokin 1995). Since the peptide
Leu-Arg-Glu (LRE) derived from the coiled-coil region
of the b2 chain is selectively adhesive to motor neurons
and inhibits the out-growth of their neurites, the b2 chain
has been proposed to act as a retrograde stop signal for
axon growth to promote presynaptic differentiation
(Hunter et al. 1989a). Evidence against a primary induc-
tive role of the b2 chain in presynaptic differentiation is
provided by the experiments performed by Brandenberg-
er et al. (1996). Native chick laminin-4, which contains
the b2 chain, promotes rather than inhibits out-growth
by chick motor neurons, and the effect of the LRE se-
quence of the b2 chain depends on its structure. The
LRE peptide in its native conformation, as found in lam-
inin-4, does not inhibit neurite outgrowth (Brandenberger
et al. 1996). This finding, together with the observation
that b2-deficient mice form NMJs (Noakes et al. 1995)
and that the LRE sequence in the b2 chain of rat and
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mouse (Hunter et al. 1991; Porter et al. 1995) is not con-
served (Wewer et al. 1994), makes laminin-4 unlikely to
act as a stop signal for in-growing motor axons.
Postsynaptic differentiation
Evidence for the instructive role of agrin in the assembly
of the postsynaptic apparatus comes from AChR aggrega-
tion assays in vitro and, more recently, from the charac-
terization of agrin-deficient mice. Agrin is varied by the
insertion of small peptides at three splice sites (Fig. 1).
In chick agrin, one site is located near the N-terminus
(Tsen et al. 1995a; Denzer et al. 1995), and two sites
(called A and B), are located within the C-terminus
(Ruegg et al. 1992). The corresponding conserved C-ter-
minal splice sites in rat are called y and z (Ferns et al.
1992). Assays on cultured myotubes have shown that in-
serts at the most C-terminal splice site B of agrin are cru-
cial for AChR-clustering activity. Unlike isoforms carry-
ing an insert at this site, agrin isoforms lacking an insert
do not cluster AChRs (Ruegg et al. 1992; Ferns et al.
1992, 1993; Gesemann et al. 1995). Interestingly, agrin
isoforms active in AChR aggregation are produced by
motor neurons (Reist et al. 1992; Cohen and Godfrey
1992), whereas muscle cells express only agrin isoforms
inactive in AChR aggregation.
Agrin-mutant mice contain a targeted disruption of
exons encoding splice site z of agrin (splice site B in
chick; Gautam et al. 1996). As expected, homozygous
mutant mice lack agrin variants active in AChR aggrega-
tion. For unknown reasons, they are also severe hypo-
morphs for the other splice variants. Mutant mice have
grossly perturbed NMJs and die immediately before or
at the time of birth, probably because of their failure to
breathe. Although AChRs are synthesized at a normal
level in these mutant mice, only few clusters are formed,
and they associate with motor axon branches only rarely.
The residual clustering of AChRs in these mice suggests
that molecules distinct from agrin may also contribute to
the aggregation of postsynaptic components (Kleiman
and Reichardt 1997). In addition to the postsynaptic de-
fects, motor axons do not stop growing and lack presyn-
aptic specializations. The lack of functional NMJs dem-
onstrates clearly that agrin is essential for synapses to
form.
Mechanism of agrin-mediated AChR aggregation
So far, we have only fragmentary knowledge of the way
in which neural agrin induces the formation of postsynap-
tic specializations in the muscle fiber. Several lines of ev-
idence suggest that agrin mediates AChR aggregation by
Fig. 1. Domain organization and binding sites in chick agrin.
cDNAs encoding agrin have been cloned in rat, chick, and the ma-
rine ray (Rupp et al. 1991; Tsim et al. 1992; Smith et al. 1992). The
deduced amino-acid sequence reveals a modular structure consisting
of domains that are also present in other extracellular matrix mole-
cules. Symbols and designations of domains illustrated are accord-
ing to Bork and Bairoch (1995): NtA, N-terminal domain of agrin;
FS, follistatin-like domain; LE, laminin epidermal growth factor-
like domain; SEA, domain first found in sea urchin sperm protein,
enterokinase, and agrin; EG, epidermal growth factor-like domain;
LG, laminin G-like domain. In addition, the splice sites, the ser-
ine/threonine rich regions (S/T), potential N-linked glycosylation
sites, and conserved glycosaminoglycan (GAG) chain attachment
sites are indicated. Heparan sulfate GAG side chains and other car-
bohydrates attached to the 225-kDa-core protein have been shown
to be the reason for the high apparent Mr of 400–600 kDa of agrin
on SDS polyacrylamide gel electrophoresis (Tsen et al. 1995b; Den-
zer et al. 1995). Shaded rectangles represent the fragments suffi-
cient for the binding to laminin, to a-dystroglycan, and to the not
yet identified signaling receptor of agrin
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specific binding to a signaling receptor on the muscle cell
membrane. First, agrin does not directly bind to AChRs
(Godfrey et al. 1984; Ma et al. 1993), and AChR aggre-
gates induced by agrin contain several other components
of the postsynaptic apparatus (for a review, see Bowe and
Fallon 1995). Second, AChR aggregation on cultured
myotubes is preceded by tyrosine phosphorylation of
their b-subunits (Wallace et al. 1991, Wallace 1995;
Meier et al. 1996). When AChR b-subunit phosphoryla-
tion is inhibited by staurosporin, a non-selective antago-
nist of protein kinases, AChR clustering is also prevented
(Wallace 1994; Ferns et al. 1996), suggesting that tyro-
sine kinases are involved in agrin-induced AChR aggre-
gation.
A potential candidate for the agrin signaling receptor
is a receptor-like tyrosine kinase, called MuSK (Jennings
et al. 1993; Valenzuela et al. 1995) or Nsk2 (Ganju et al.
1995). This receptor tyrosine kinase is highly expressed
in muscle fibers of newborn rats. Shortly after birth, the
expression of MuSK is down-regulated and becomes re-
stricted to the NMJ (Valenzuela et al. 1995). The pheno-
type of MuSK knock-out mice (DeChiara et al. 1996)
closely resembles the phenotype of agrin-deficient mice.
MuSK mutant mice also die perinatally. The motor axons
do not form presynaptic specializations and they extend
throughout the muscles without arborization of their
nerve terminals. The postsynaptic deficiencies are even
more severe than in agrin-mutant mice. MuSK knock-
out mice do not contain any AChR clusters or detectable
amounts of AChE, although AChRs are expressed at nor-
mal levels. The synaptic expression of MuSK, together
with the close resemblance of the phenotypes of mice
mutant for MuSK and agrin, has led to the proposal that
MuSK is the signaling receptor for agrin (DeChiara et al.
1996). As is typical of receptor tyrosine kinases, MuSK is
a transmembrane protein with a large extracellular do-
main and a cytoplasmic tail that contains a region homol-
ogous to functional kinase domains. As indicative of ac-
tivation of the receptor tyrosine kinase, MuSK becomes
phosphorylated when stimulated with agrin isoforms ac-
tive in AChR aggregation (Glass et al. 1996). Phosphor-
ylation of MuSK can be detected after one minute (Glass
et al. 1996) and precedes phosphorylation of the AChR b-
subunit, suggesting that MuSK activation may be an early
event of agrin-induced AChR aggregation. In conclusion,
MuSK satisfies the expectations for the agrin signaling
receptor to a large extent. However, all attempts to show
a direct interaction between agrin and MuSK have failed.
Glass et al. (1996) have hypothesized that direct binding
cannot be detected because a third unknown component is
required to form a signaling complex. This hypothesis is
supported by the finding that MuSK can only be phos-
phorylated in differentiated muscle cells (Glass et al.
1996). Nevertheless, the lack of direct binding may alter-
natively indicate that another protein is the agrin signal-
ing receptor, and MuSK is a downstream member of
the signaling cascade.
a-Dystroglycan is a peripheral membrane protein of
muscle fibers and is concentrated at synaptic sites. As
demonstrated by several laboratories independently, agrin
binds to a-dystroglycan (Bowe et al. 1994; Gee et al.
1994; Campanelli et al. 1994). Does a-dystroglycan serve
as the signal-transducing agrin receptor? For the follow-
ing reasons, a-dystroglycan is unlikely to be the signaling
receptor. Both agrin isoforms active in AChR aggregation
and inactive splice variants bind to a-dystroglycan
(Sugiyama et al. 1994). Binding of inactive agrin iso-
forms is of even higher affinity than that of active splice
variants (Gesemann et al. 1996). Moreover, a 21-kDa C-
terminal agrin fragment sufficient for AChR clustering on
cultured myotubes (Gesemann et al. 1995) does not bind
to purified a-dystroglycan. However, specific binding of
this agrin fragment is observed when it is added to cul-
tured muscle cells (Gesemann et al. 1996). In conclusion,
the function of agrin to induce postsynaptic differentia-
tion requires the receptor tyrosine kinase MuSK and at
least one additional component, distinct from a-dystro-
glycan, which binds selectively to agrin isoforms active
in AChR aggregation.
The regulation of AChR synthesis
In addition to the aggregation of preexisting AChRs, the
induction of AChR gene expression in subsynaptic nuclei
contributes to postsynaptic differentiation. AChR gene
expression is nerve-dependent and characterized by the
switch from AChR g-subunit to e-subunit expression
leading to the adult type of AChR with the a2bed subunit
composition (Brenner et al. 1990). At the regenerating
NMJ of rodents, synaptic basal lamina is sufficient to
regulate gene expression of the d-subunit to e-subunit
in myonuclei (Jo and Burden 1992; Brenner et al.
1992). Several lines of evidence suggest that AChR-in-
ducing activity (ARIA) regulates this process. ARIA of
chick is encoded by the same gene as are the Neu differ-
entiation factor in rat, and heregulin and glial growth fac-
tors in human (Falls et al. 1993; Holmes et al. 1992; Wen
et al. 1992; Marchionni et al. 1993). In addition, several
isoforms arise by alternative mRNA splicing. The gene
products are collectively called neuregulins (NRGs)
and have been implicated in the differentiation and pro-
liferation of various cells (for a review, see Gassmann
and Lemke 1997). ARIA is synthesized by motor neu-
rons early in development (Falls et al. 1993; Corfas et
al. 1995) and is associated with the synaptic basal lamina
of the NMJ (Jo et al. 1995; Goodearl et al. 1995; Loeb
and Fischbach 1995). Addition of ARIA to cultured pri-
mary muscle cells causes an increase of mRNA encoding
the AChR e-subunit (Martinou et al. 1991; Chu et al.
1995). The way in which ARIA increases AChR gene ex-
pression is not entirely clear. There is evidence that sev-
eral members of the epidermal growth factor receptor
family, viz., ErbB-2, ErbB-3, and ErbB-4, are involved.
These receptors become tyrosine-phosphorylated upon
NRG binding and have been shown to be necessary for
NRG signaling (Fig. 2; for a review, see Gassmann and
Lemke 1997).
Although agrin does not increase AChR synthesis in
cultured myotubes (Godfrey et al. 1984), recent results
of Jones et al. (1996) indicate that substrate-bound agrin
increases the amount of AChR e-subunit mRNA in cul-
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tured muscle cells in the absence of nerve-supplied
NRGs. This finding has subsequently been confirmed
in vivo by expressing neural chick agrin at ectopic sites
of denervated and innervated muscle fibers. In both
cases, neural agrin induces AChR e-subunit gene expres-
sion in the extra-synaptic region (Jones et al. 1997).
These experiments show that nerve-derived ARIA is
not required for the induction of AChR e-subunit gene
expression. However, it remains to be demonstrated
whether the effect of agrin on AChR gene expression
is direct or indirect. For example, agrin may cause the
formation of an extracellular structure to which mus-
cle-derived ARIA could bind and exert its effect on the
muscle fiber.
Maintenance of the NMJ
After the initial establishment of synaptic connections,
the specialized structure of the pre- and the postsynapse
must be maintained throughout adulthood. Although the
detailed mechanism of synaptic maintenance is not well
understood, several lines of evidence suggest that synap-
tic basal lamina and agrin may be critically involved in
this process.
On cultured myotubes, agrin-induced AChR clusters
disappear when agrin is removed from the culture medi-
um (Wallace 1989), indicating that AChR clusters in vitro
need a continuous supply of agrin. In vivo, regeneration
of synaptic structures depends on synaptic basal lamina,
as shown by the classical experiments of McMahan and
colleagues. In their experiments, synaptic basal lamina
stimulated both pre- and postsynaptic cells to assemble
a synaptic apparatus (Sanes et al. 1978; Burden et al.
1979). The maintenance of postsynaptic structures also
seems to be dependent on synaptic basal lamina, as indi-
cated by denervation experiments. If the rat soleus muscle
is denervated, AChRs remain localized to former synaptic
sites for more than 4 months. If, however, the muscle bas-
al lamina, including its synaptic portion, is destroyed by
proteolytic treatment, AChRs disperse in less than 2 days
(Herczeg et al. 1995). Similarly, when muscle fibers of
the frog cutaneous pectoris muscle are selectively re-
moved and the motor innervation is left intact, presynap-
tic nerve terminals continue to release and recycle synap-
tic vesicles for up to 5 months, even in the absence of
their target (Dunaevsky and Connor 1995).
These experiments indicate that synaptic basal lamina
is sufficient to maintain the local specializations of the
nerve terminal and the muscle fiber. Consistent with
agrins being responsible for this effect, agrin-like immu-
noreactivity remains associated with the synaptic basal
lamina for at least 4 weeks after denervation (Reist et
al. 1987). In summary, although most of these experi-
ments do not directly show the role of agrin in maintain-
ing synaptic specializations, they are all in agreement
with it having such a role.
Agrin binding to synaptic basal lamina via laminins
The persistence of nerve-derived agrin in synaptic basal
lamina can be accomplished by either its continued syn-
thesis in motor neurons and/or its tight association with
other components of the synaptic basal lamina. Although
motor neurons express agrin transcripts throughout adult-
hood, the level of expression is considerably lower than
that during embryonic development (e.g., Tsim et al.
1992; Smith et al. 1992; Stone and Nikolics 1995).
Hence, the tight association of agrin with synaptic basal
lamina must be the additional mechanism that maintains
agrin within this structure. Support for such an associa-
tion has been obtained by experiments showing that re-
combinant full-length chick agrin binds selectively to
Matrigel, a commercial solubilized basal lamina. This
binding requires the first 130 amino acids from the N-ter-
minus of agrin (Fig. 1; Denzer et al. 1995), a region that is
Fig. 2. Multiple interactions of the synaptic basal lamina compo-
nents, agrin, laminin-4, and neuregulin. The interactions of these
molecules implicated in presynaptic differentiation (open arrows),
post-synaptic differentiation (shaded arrows), and maintenance of
neuromuscular structures (black arrows) are shown. Neural and
muscle agrin induce presynaptic differentiation via an unknown
mechanism (open triangle with question mark). Unlike muscle
agrin, neural agrin induces postsynaptic differentiation, such as
the accumulation of acetylcholine receptors (AChR) in the muscle
cell membrane, by the specific interaction with the not yet identified
signaling receptor (open rectangle with question mark). This recep-
tor is probably at the top of a signaling pathway, which includes the
muscle-specific receptor tyrosine kinase (MuSK). Gene expression
of AChR subunits is induced in subsynaptic nuclei of the muscle fi-
ber by the binding of neuregulin (NRG; gene family including ace-
tylcholine receptor inducing activity, called ARIA) to members of
the ErbB family. Furthermore, muscle and neural agrin are immobi-
lized in the synaptic basal lamina through association with laminin-
4 and bind to a-dystroglycan (a-DG), a peripheral member of the
large dystrophin-glycoprotein complex (DGC). This complex also
contains the membrane spanning proteins, b-dystroglycan (b-DG),
the sarcoglycans (SG), and the intracellular protein, utrophin. The
DGC links the synaptic basal lamina to the cytoskeleton (for a re-
view, see Henry and Campbell 1996) and may represent the struc-
ture to which other post-synaptic proteins are associated. AChRs
for example are thought to bind to the DGC via the intracellular
adapter protein rapsyn
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not only necessary, but is also sufficient for the interac-
tion with Matrigel (Denzer et al. 1997). Matrigel mainly
contains collagen type IV and laminin, the two major
constituents of cell basal lamina. Both molecules are
thought to form independent networks by self assembly;
these networks are linked by nidogen (for a review, see
Yurchenco and ORear 1994) and form the scaffold of
a basal lamina with which several other extracellular ma-
trix proteins, such as perlecan, associate (for a review, see
Timpl and Brown 1996). By assaying binding to individ-
ual components of Matrigel, laminin-1 (the laminin iso-
form found in this preparation) has been identified as
the binding partner of agrin. The binding is of high affin-
ity with a dissociation constant of approximately 5 nM. In
addition, agrin also binds to laminin-2 and laminin-4
(Denzer et al. 1997), the two predominant laminin iso-
forms expressed by muscle fibers (Sanes et al. 1990;
Schuler and Sorokin 1995). The binding of agrin to lam-
inin-4, which has been localized to the synaptic region of
the basal lamina of the muscle fiber (Hunter et al. 1989b),
suggests that this interaction is the probable basis for the
stable association of agrin with the synaptic basal lamina
in vivo.
Agrin removal during synapse elimination
In the muscle of adult vertebrates, each muscle fiber is in-
nervated by a single motor neuron. At birth, however,
muscle fibers are innervated by multiple motor axons.
Over approximately the first two postnatal weeks, in a
process called synapse elimination, all but one contact
to the motor neurons is given up. Elimination of synapses
is based on competition between individual inputs, result-
ing in the maintenance of the most active or effective
ones at the expense of the least active. Several lines of ev-
idence indicate that this process requires electrical activ-
ity and is initiated by the selective loss of AChRs in the
postsynaptic membrane (Rich and Lichtman 1989;
Balice-Gordon et al. 1993). This loss then activates a
feedback mechanism that causes the progressive retrac-
tion of the overlying nerve terminal (Balice-Gordon and
Lichtman 1994; Colman et al. 1997).
In innervated muscle, motor-neuron-derived agrin,
when deposited at non-synaptic regions, induces the for-
mation of postsynaptic specializations in the absence of
the nerve (Cohen et al. 1997; Jones et al. 1997; Meier
et al. 1997). Consequently, removal of AChRs from post-
synaptic sites during synapse elimination requires the se-
lective inactivation/removal of neural agrin from synaptic
basal lamina. Indeed, agrin-like immunoreactivity is ab-
sent from abandoned synaptic basal lamina of frog NMJs
(Werle and Sojka 1996). The removal of agrin from these
sites is rapid, and no agrin-like immunoreactivity is ob-
served after only 7 days (Werle and Sojka 1996). These
experiments suggest that electrically active muscle fibers
actively remove agrin from synaptic sites, in contrast to
denervated muscle, where agrin remains attached to syn-
aptic basal lamina for several weeks (Reist et al. 1987). In
this context, it is interesting to note that the protease
thrombin and its inhibitor, protease nexin 1, have been
implicated in the process of synapse elimination (Liu et
al. 1994; Zoubine et al. 1996). However, it remains to
be seen whether agrin is a substrate for thrombin.
A potential role of agrin in the stabilization of junctional
AChR clusters
After synapse elimination is complete, the remaining
AChRs must be tightly anchored to synaptic sites. What
are the mechanisms that are involved in this process?
One way of maintaining these molecules at the site of
nerve-muscle contacts after their initial localization
would be to stabilize their association with components
of the synaptic basal lamina. Neural agrin, which is incor-
porated into the synaptic basal lamina binds directly to at
least two distinct proteins expressed by the muscle fiber,
the agrin signaling receptor and a-dystroglycan (Fig. 1).
As summarized above, binding of agrin to a-dystroglycan
is not necessary for the induction of synaptic specializa-
tions. Nevertheless, this interaction may have a more
structural function at the NMJ, since a-dystroglycan is as-
sociated with the cell membrane by its binding to the
transmembrane protein b-dystroglycan. Both components
are members of the large dystrophin-glycoprotein com-
plex (DGC; Fig. 2). This complex connects the basal lam-
ina of the muscle fiber with the underlying cytoskeleton
by the intracellular interaction of b-dystroglycan with ac-
tin-filament-linked dystrophin at extra-synaptic regions
(Hemmings et al. 1992) and utrophin at synaptic regions
(Jung et al. 1995). The DGC is also attached to the basal
lamina of the muscle fiber by the binding of a-dystrogly-
can to laminin (Ibraghimov-Beskrovnaya et al. 1992).
This DGC-mediated linkage has been proposed to pro-
vide mechanical stability during muscle contraction, be-
cause mutations in the gene encoding the a2 chain of
muscle laminin isoforms or members of the DGC lead
to several diseases of skeletal muscle (for a review, see
Campbell 1995). The binding of agrin to a-dystroglycan
may therefore also have such a stabilizing function at
the NMJ, as both the DGC and agrin are concentrated
at this site. The finding that AChRs are linked to the
DGC via rapsyn (Fig. 2; Apel et al. 1995), an intracellular
protein exclusively found at the NMJ, suggests that the
binding of agrin to a-dystroglycan may be a way of indi-
rectly attaching AChRs and perhaps additional post-syn-
aptic components to the synaptic region of the basal lam-
ina of the muscle fiber. In conclusion, agrin may have a
structural function at the NMJ, in addition to its role in
the induction of synaptic differentiation.
Conclusions
A major reason for studying NMJ development is to learn
more about mechanisms that may also be used in the for-
mation of other synapses. The recent discovery of some
of the molecular mechanisms involved in the formation
of interneuronal synapses supports the view that the
NMJ is a good model for understanding the basic mech-
anisms of synapse formation. Our current knowledge as
363
summarized in this review, clearly shows that agrin plays
a key role in the development of the NMJ. As agrin tran-
scripts are expressed in the brain (e.g., OConnor et al.
1994) and as agrin-like immunoreactivity is also found
at synaptic sites in the chick retina (Mann and Kröger
1996), future studies should focus on whether agrin plays
a role in the formation of interneuronal synapses.
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